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STABILITY AND CONTROL CHARACTERISTICS OF A MANXED LIFTING 

ENTRY VMICLF:  AT MACH NUMBERS FROM 2.29 TO 4.63* 

By John T. McShera, Jr., and James F. Campbell 
Langley Research Center 

SUMMARY 

An inves t iga t ion  has been made i n  the  Langley Unitary Plan wind tunnel t o  
determine the  s t a b i l i t y  and control  cha rac t e r i s t i c s  of a manned l i f t i n g  en t ry  
configurat ion designated HL-10 a t  k c h  numbers from 2.29 t o  4.63. The r e s u l t s  
indicated t h a t  within the  t r i m  angle-of-attack range, t h e  vehicle  w a s  longi tu-  
d i n a l l y  s t ab le  and had good pi tch-control  effect iveness  f o r  a l l  t e s t  Mach num- 
bers .  
between angles of a t t a c k  of l5O t o  30° over the e n t i r e  Mach number range. 

The m a x i m u m  t r i m  l i f t - d r a g  r a t i o  w a s  approximately 1 .4  and var ied l i t t l e  

The bas i c  configuration w a s  d i r ec t iona l ly  stable a t  a Mach number of 4.63 
but  became d i r e c t i o n a l l y  unstable i n  t h e  approximate angle-of-attack range of 
maximum l i f t - d r a g  r a t i o  a t  t h e  lowest t es t  Mach number. 
ness appears t o  be good i n  t h e  high angle-of-attack range; however, t h e  rudder 
cont ro l  e f fec t iveness  i s  zero. 

Roll-control e f fec t ive-  

INTRODUCTION 

Configurations having moderate l i f t - d r a g  r a t i o s  (on t h e  order  of 1 .0)  a r e  
of considerable i n t e r e s t  f o r  fu tu re  en t ry  vehicles.  However, because these 
en t ry  configurat ions a r e  required t o  operate over a wide range of angles of 
a t t a c k  and Mach numbers during t h e  en t ry  mode, some problems i n  s t a b i l i t y  and 
cont ro l  may arise. One of these  configurations i s  undergoing concentrated study 
a t  t h e  k n g l e y  Research Center ( r e f s .  1, 2, and 3). 
l i f t i n g  e n t r y  veh ic l e s  (see,  f o r  instance,  r e f .  4) ,  may depend l a r g e l y  upon 
aerodynamic cont ro ls  f o r  t h e  p r inc ipa l  f l i g h t  cont ro l  system. 

It, as w e l l  as some o ther  

The present  inves t iga t ion  w a s  made through a Mach number range of 2.29 t o  
4.63 t o  determine t h e  s t a b i l i t y  and cont ro l  cha rac t e r i s t i c s  of t h e  cambered 
HL-10 l i f t i n g  e n t r y  configuration having dorsa l  and t i p  f i n s .  (See r e f s .  2 
and 3.) 
angles  of a t t a c k  from - 5 O  t o  620 a t  angles of s i d e s l i p  of 0' and 5'. 

The tes t s  were performed i n  t h e  Langley Unitary Plan wind tunnel  a t  

T i t l e ,  Unclassif ied.  * 
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SYMBOLS 

The results a r e  presented as force  and moment coeff ic ients ;  l i f t ,  drag, and 
pitching moment a r e  re fer red  t o  the  s t a b i l i t y  a x i s  system and r o l l i n g  moment, 
yawing moment, and s ide force are re fer red  t o  the  body a x i s  system. The re fer -  
ence center of moments w a s  located at  53 percent o f  t h e  body length af t  of t h e  
nose, and at 1.25 percent of the  body length below t h e  body reference l i n e .  The 
symbols used a r e  defined as follows: 

body reference span, 10.310 i n .  

body reference length, 16.00 in.  

l i f t  

drag 

l i f t - d r a g  r a t i o  

L i f t  l i f t  coeff ic ient ,  - 
qs 

D raq 
gs 

drag coef f ic ien t ,  

Pi tching moment 
qsz pitching-moment coef f ic ien t ,  

Rolling moment 
qsb 

rolling-moment coef f ic ien t ,  

e f fec t ive  dihedral  parameter, AC l/Ap 

Yawing moment yawing-moment coef f ic ien t ,  

d i r e c t i o n a l  s t a b i l i t y  parameter , En /Ap 

side-force coef f ic ien t ,  Side force 

l a t e r a l - f  orce parameter, L!Cy/Ap 

free-stream Mach number 

free-stream dynamic pressure 
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ASS1 F I ED a* 

Mach 
number 

2.29 
2.96 
3.96 
4.63 

radius,  in.  

Stagnation S tagnat ion 
temperature, pressure, Reynolds number/ft 

OF lb/sq f t  abs 

150 1,986 2.6 x lo6 
150 2,880 2.6 
175 4 970 2.6 
175 7,150 2.6 

reference planform area,  0.634 sq f t  

dis tances  along X, Y, and Z axes, respectively, in .  

angle of a t t a c k  re fer red  t o  body reference l i n e ,  deg 

angle of a t t a c k  not corrected f o r  flow angular i ty  

angle of s i d e s l i p  re fer red  t o  plane of symmetry, deg 

r e s u l t a n t  angle of p i t c h  control  f lap  (pos i t ive  when t r a i l i n g  edge i s  

r e s u l t a n t  angle of r o l l  control  f l a p  (pos i t ive  when t r a i l i n g  edge i s  
down on t h e  r i g h t  o r  up on the  l e f t ) ,  Geright - Geleft, deg 

angle of rudder control  ( p o s i t i v e  when t r a i l i n g  edge i s  def lected t o  
l e f t  when viewed from rear), deg 

TEST CONDITIONS 

The t e s t  conditions a r e  summarized i n  the following tab le :  

The s tagnat ion dewpoint w a s  maintained at -30° F i n  order t o  avoid con- 

The data 
densation e f f e c t s  i n  t h e  tes t  section. Angles of a t t a c k  and s i d e s l i p  were cor- 
rected f o r  d e f l e c t i o n  of t h e  balance and s t ing  support under load. 
have a l s o  been corrected for  flow angular i ty .  
measured during t h e  invest igat ion.  
l e v e l s  t o  a condition corresponding t o  free-stream s ta t ic -pressure  conditions 
a t  t h e  model- base. 

The drag data presented are those 
No adjustment has been made t o  r e l a t e  drag 

Aerodynamic forces  and moments were measured by a six-component e l e c t r i c a l  
strain-gage balance housed within t h e  model. The balance, i n  turn,  w a s  r i g i d l y  
fastened t o  a s t i n g  support and thence t o  the  tunnel support system. "he 
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angle-of-attack range of t h e  tests extended from about -3' t o  62O at  angles of 
s ides l ip  of about 0' and 5'. 

The accuracy of t h e  measured quant i t ies ,  based on ca l ib ra t ion  and repeat-  
a b i l i t y  of data, i s  estimated t o  be within t h e  following l i m i t s :  

CL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  f0.002 
C ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . + O . O O l  
c m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . f o . o o 2  
C Z . . " . . " . . . . . . . . . . . . . . . . . . . . . . . . . . . f o . o o 2  
c n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . + 0 . 0 0 1  
P-- " r " . . - ' - ' - - - " - - . . . .  . . . . . . . . . . . . . . . . . .  fO.OO1 

a, d e g .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO.10 

Mach numbers: 2.29 and 2.96 . . . . . . . . . . . . . . . . . . . . . .  *0.015 
p ,  d e g .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fO.10 

Mach numbers: 3.96 and 4.63 . . . . . . . . . . . . . . . . . . . . . .  fO.05 

MODEL AND APPARATUS 

Detai ls  of t h e  model are presented i n  f igu re  1 and ord ina tes  def in ing  t h e  
p r o f i l e  and cross-sect ion shape of t h e  model are given i n  t a b l e  I. A photo- 
graph of t h e  model i s  shown i n  f igu re  2. 

The model has a leading-edge sweep angle of 74'. Di rec t iona l  s t a b i l i t y  i s  
provided by two t i p  f i n s  or iented at approximately 30' away from t h e  v e r t i c a l  
and a t h i r d  f i n  ( v e r t i c a l )  located on t h e  body upper surface i n  t h e  plane of 
symmetry. The r a t i o  of t o t a l  t i p - f i n  area projected t o  t h e  plane of symmetry 
r e l a t ive  t o  configurat ion planform a rea  i s  0.0393. The center  v e r t i c a l  f i n  has 
a r a t i o  of s ide  area t o  model planform area of 0.0739. The r a t i o s  of the  plan- 
form area of t he  p i t c h  cont ro ls  and t h e  side area of t he  yaw cont ro l  t o  model 
planform a rea  a r e  0.1099 and 0.0126, respect ively.  

Flap cont ro l  t o  provide longi tudina l  and lateral  t r i m  i s  derived from four  
def lectable  elevons. The elevons are def lec ted  i n  p a i r s  on e i t h e r  s ide  of t h e  
plane o f  symmetry and are located on t h e  upper and lower surfaces  of t h e  bas i c  
body at t h e  t r a i l i n g  edge. 
faces  i s  defined as t h a t  condition where t h e  surface i s  i n  l i n e  with t h e  normal 
contours of elements of t h e  model immediately upstream of t h e  surface.  Direc- 
t i o n a l  cont ro l  i s  obtained by def lec t ion  of each of two movable rudders a t  t h e  
t r a i l i n g  edge of t h e  center  v e r t i c a l  f i n .  
def lect ion of each panel on t h e  center  f i n .  

(See f i g s .  1 and 2 . )  Zero angle on a l l  con t ro l  sur- 

Toed rudder def lec t ion  i s  opposite 

The t i p  f i n s  used i n  t h e  tes ts  were designated by D - 1  and t h e  center  f i n  
w a s  designated by E (refs. 2 and 3). 
ber t e s t  sec t ion  of t h e  Langley Unitary Plan wind tunnel ,  which i s  a var iab le-  
pressure, continuous-flow tunnel .  (See ref. 5 . )  The tes t  sec t ion  i s  4 feet 
square and 7 f e e t  long. 

Tests w e r e  conducted i n  t h e  high Mach num- 

The nozzle leading t o  t h e  t es t  sec t ion  i s  of t h e  
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SSlFlED 
asymmetric, sliding-block type which permits a continuous variation in test- 
section Mach number from about 2.3 to 4.7. 

PRESENTATION OF RESULTS 

The results of this investigation are presented in the following figures: 

Figure 

Schlieren photographs . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Longitudinal characteristics of the model with various deflections of 
the elevons for longitudinal control. 6r = 6a = Oo . . . . . . . . . .  4 

Longitudinal characteristics of the model with toed rudder controls. 

Lateral stability characteristics of the model. 6, = 6a = Oo . . . . . .  6 
Lateral characteristics of the model with various deflections of the 
elevons for roll control. 6r = 00 . . . . . . . . . . . . . . . . . .  7 

Lateral characteristics of the model with various deflections of the 
rudder. 6 e = 6 a = O o .  . . . . . . . . . . . . . . . . . . . . . . . .  8 

6 e = 6 a = O 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

The tip fins were on the model unless otherwise noted. 

RESULTS AND DISCUSSION 

The important stability condition shown by the pitch characteristics 
(fig. 4) is that the configuration is stable within the test trim angle-of- 
attack range at all Mach numbers investigated. 
ent reduction in stability at the highest negative values of pitching moment 
(indicated by ticks on the curves) is the result of fouling of the model with 
the support system and is not indicative of the true aerodynamic characteris- 
tics. The values of CL, CD, and L/b were also affected by fouling. 

It is to be noted that an appar- 

The results indicate good longitudinal control effectiveness at all Mach 
numbers throughout the trim angle-of-attack range. It should be noted that the 
negative control deflection, although less effective in some angle-of-attack 
ranges and Mach numbers than positive control deflections, is sufficiently 
effective to assure aerodynamic trim and maneuverability at angles of attack 
that include maximum lift-drag ratio and nearly maximum lift coefficient. 

The maximum trim lift-drag ratio was approximately 1.4 and varied little 
between angles of attack of l5O to 30' overthe entire Mach number range. 
Deflecting the elevons has no significant effect on maximum lift-drag ratio. 

Addition of the rolled-out fins (fig. 5) increases the longitudinal sta- 
bility level slightly, due to increased stabilizing area added by the fin roll 
orientation. In addition, maximum lift-drag ratio is decreased slightly. The 
contribution of the rolled-out tip fins to directional stability (fig. 6) is 

5 
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also appreciable and increases with angle of attack but is not sufficient to 
make the vehicle directionally stable at all angles of attack at the low Mach 
numbers. Deflection of the toed rudder controls, which were designed to improve 
the directional stability, had no effect on the longitudinal characteristics 
(fig. 5 )  but had a small effect (sometimes detrimental) on the directional sta- 
bility (fig. 6). 

A t  the higher angle of attack, the vehicle has positive effective dihedral 
over the entire Mach number range. 
the effective dihedral. 
of the dihedral effect is due to the tip fins. 

The tip fins contribute significantly to 
For example, at 45' angle of attack, about 40 percent 

n-11 - - - ~ - - - 7   on--^-:------- I o : ,  .I\ - -__On- +- the high ? ~ g ? p -  
11ULL LUlI.L,,IUI G . L ~ L L ~ I " L L I L . y . y  ,116. ,, UppL-L" "V v.. 0.2"- 

of-attack range. 
trol device is high at the low angles of attack; however, with increases in 
angle of attack and Mach number, the local dynamic pressure is reduced and the 
rudder effectiveness becomes zero. In figures 7 and 8, C2 and Cn should 
be equal to zero over the entire angle-of-attack range for the controls at zero 
deflection. The differences noted are probably due to model inconsistencies in 
the plane of symmetry. 

The effectiveness of the rudder (fig. 8) as a directional con- 

CONCLUSIONS 

An investigation has been made in the Langley Unitary Plan wind tunnel of 
the longitudinal and lateral stability and control characteristics of a manned 
lifting entry vehicle designated HL-10 over a Mach number range from 2.29 to 
4.63. The results of this investigation indicate the following conclusions: 

1. The vehicle is longitudinally stable and has good pitch-control effec- 
tiveness within the trim angle-of-attack range for all test Mach numbers. 

2. The maximum trim lift-drag ratio was approximately 1.4 and varied littlc 
between angles of attack of l5O to 30° over the entire Mach number range. 

3 .  The basic Configuration is directionally stable at a Mach number of 4.6: 
but becomes directionally unstable in the approximate angle-of-attack range of 
maximum lift-drag ratio at the lowest test Mach number. 

4. In general, roll-control effectiveness increases and yaw-control effec- 
tiveness decreases with angle of attack, particularly at the highest Mach 
number. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 13, 1964. 
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0 

2 1 2  

0.0809 
,0796 
.on9 
.0686 
.0568 
.0390 
-0093 

-.0156 
-.0312 

-.1201 

0 

-.0469 
-.&TO 

TABLE I.- WDEL CROSS-SECTION ORDINATES 

0. 

Y / l  

0 
.0156 
.0312 
.0469 
.0625 
.0781 
.W38 
.log4 
.1250 
.1301 

.13@ 

.l344 

.1375 

.1411 

Plane  o f  
symmetry 

D e f i n i t i o n  o f  o r d i n a t e s  

(Arrows i n d i c a t e  p o s i t i v e  d i r e c t i o n s  o f  o r d i n a t e s )  

0.125 

Y/ 2 

0 
.0156 

.0469 

.0658 

.0684 

.0132 

.0625 

.0696 

.699 
0 

2 1 2  

.0711 

.0620 

0 * 0739 

.Ob36 

.0093 
0 
- .0156 
- .o312 

- .@99 
- .Oh24 

Ordinates for x / 2  of - 
0. 

Y/l 

0 
,0156 
.0312 

.0781 

.0938 

.e976 

.io15 

.lo40 

.lo54 . 1060 

.Ob69 

.0625 

0 

5 

z/2 

0.0814 
.0809 
* 0799 
0771 
.0728 
.0661 
.0558 
.0398 

0 -. 0156 
- .0312 
- .0625 

0139 

- .Ob69 
- -0783 
- .1328 

0.1 

Y/2 

0 
.0156 
.o312 

.0625 

.0781 

.1250 

.1563 

.1651 

.1694 

.I749 

.1764 

.Ob69 

-09% 
.lo94 

.1406 

- 1725 
.1769 

0 

0 

z/2 

0.0814 
. d o 3  
.0784 
* 0771 
0751 
.0718 
.0676 
.o621 
.0540 
.Oh11 
.0210 
0 
- .0156 
- .0312 
- .Ob69 -. 0625 
- * 0775 -. 1281 

0.f 

Y/ 2 

.0156 

.0312 

.0625 

.0781 

.1250 

.1563 

.1875 

.2088 

.2115 

.2130 

I 

.Ob69 

-09% 
.lo94 

.1406 

1719 

.2045 

.2134 
3 

5 

Z I T  

0.0814 
* 0793 
0731 
,0711 
* 0705 
.0693 
.0675 
.0653 
.0620 - 0573 
.0505 
.Ob14 
.0270 

- .0156 
- .0312 
- .0561 

0 

- .Ob69 
- .lo75 

0.' 

YIZ  

0 
.0156 
.0312 

.o625 

.0781 

.0938 

.0469 

.log4 

.1250 

.1406 

.1563 
* 1719 
,1875 
.2031 
.2188 
.23& 
.2480 
.2496 

0 

0 

Z l l  

0.0814 
* 0793 
* 0705 
.064j 
.0628 
.0625 
.0621 
.0611 
.0600 
.0586 
.0568 
.0543 
.0511 
.Ob64 
.0%6 
.0261 
0 
- .0156 
- .0790 

0.875 

Y/ 2 

I 
.0156 

.0625 

.0781 

.0938 

.1250 

.1563 

.if375 

.2031 

.2188 

.2656 

.2813 

.2859 

.0312 

.0469 

.lo94 

.1406 

.I719 

.2344 

.2500 

3 

z/  2 

0.0818 

.0700 

.0795 

0550 
.0488 
,0488 
.0488 
.0488 
.0488 
.0488 
.0488 
.0488 
.0488 
.0488 
.0488 
.0488 
.0m8 
.0b78 
.0468 
0 
- .0456 
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I Figure 2.-  Photograph of model. L-64-2960 
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anOm = 200 anOm = 60° anom = 0 0  

M o d e l  w i t h o u t  t i p  f i n s ,  b e  = b ,  = O o  

anOm = 20° anom = 60° anom = 0 0  

M o d e l  w i t h  t i p  f i n s ,  b e  = b ,  = O o  

anOm = O o  anOm = 20°  anOm = 6 0 0  

M o d e l  w i t h  t i p  f i n s ,  b e  = 30°, b ,  = 6 ,  O o  

Figure 3.- Typical schlieren photographs at M = 3.95. L-64-3039 
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(a )  M = 2.29. 

Figure 4.- Longitudinal characteristics of the model with various deflections of the elevons for 
longitudinal control. Sr = 6, = 00. 
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Figure 4. - Continued. 
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(d) M = 4.63. 

Figure 4.- Concluded. 
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1.2 

1 .o 
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-6 

. 4  
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CL 

.8 

.6 

. 4  

.2 

0 

- .2 

- - 4  

2 

L /o 

- .  
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